and Fig. 10 .
Introduction
Quality of iron ore sinter has important role for increasing productivity and lowering reducing agent rate of blast furnaces. It is well known that lowering slag content of sinter, dominantly CaO and SiO 2 , without loss of strength is beneficial for improvement of blast furnace operations. [1] [2] [3] The slag of sinter is originated from ores, fluxes and bonding agents. Among them, fluxing condition is more controllable in sinter operation. Therefore evaluating the reaction behavior of fluxes gives information concerning on manufacturing conditions of low-slag sinters with superior quality. As serpentine contains SiO 2 and MgO simultaneously, high-slag sinter would be obtained if we manufacture sinter by using a high amount of use of serpentine to maintain a certain value of MgO content of sinter. In contrast, dolomite consists of MgO and CaO; hence low-slag sinter could be obtained with replacement of serpentine and limestone by dolomite.
Many investigations on dolomite use in sintering process have been reported. Most of them reported the loss of product yield or strength of product with replacement of limestone by dolomite. 4, 5) However the aim of those investigations was comparison of limestone and dolomite as CaO source in sintering, therefore the loss was partly caused by increasing MgO in melt during sintering process. Sintering behavior must be influenced by the nature of MgO additives even in the constant MgO addition. Nevertheless investigations focusing on evaluation of dolomite as MgO source and comparison with other MgO-bearing fluxes such as serpentine, olivine, dunite or Ni-slag are limited. [6] [7] [8] [9] [10] [11] Most of them reported the decrease of yield and/or strength with replacement of 'serpentine/dunite and limestone' by 'dolomite and quartz' in the constant chemical compositions of sinter. With regards to the influence of dolomite on reduction behavior of sinter, Matsumura et al. 11) found that reduction behavior of sinter with high MgO content and low SiO 2 using dolomite was superior to that using serpentine even in the constant conditions of chemical composition and bonding agent. However the reason behind the result and difference of mineral formation process compared with other MgO-bearing fluxes are still unknown. Furthermore the influences of particle size of dolomite on sintering performance and sinter quality are different among investigations [12] [13] [14] mostly due to differences in fluxing conditions, i.e. particle size of other fluxes.
In this paper, fundamental analysis result of reaction behavior of dolomite during sintering in a comparison with that of serpentine and proper particle size of dolomite has been discussed. (Received on December 13, 2006 ; accepted on February 13, 2007 ) To discuss assimilation of dolomite with sinter mixture and the influences of dolomite use on the performance and on sinter quality, pot tests and small scale assimilation tests have been conducted. In particular, a microstructural evolution during sintering with using dolomite was focused on. Dolomite with mean size of 1 mm showed fairly good performance in pot tests. Using excessive fine or coarse dolomite resulted in loss of strength due to different mechanisms. Assimilation rate of dolomite was in the range between limestone and serpentine. Fluxes with large particle size above 1 mm tended to influence on microstructural evolution during sintering. Reaction behavior of dolomite during sintering consisted of 4 steps, calcination, formation of magnetite s.s by solid-state diffusion, formation of calciumferrite melt and formation of magnetite by reaction between MgO and calciumferrite melt. The last step was associated with the decrease in strength or yield of sinter. Difference in the nature of the magnetite s.s formed by two different mechanisms seemed to be related to the difference of sinter quality. In comparing reactions of dolomite and serpentine, microstructural evolution process differed by properties of formed melt during assimilating, reducible conditions in equilibrium state, fluidity and diffusion rate of Mg . Results of plant trials to examine proper amount of use and size distribution of dolomite showed that dolomite with 1.0 mm mean size could replace dunite or Ni-slag as MgO-bearing fluxes without significant worse effect in the limited amount of use.
Test Procedure

Pot Test
To clarify the proper particle size of dolomite, pot tests using Thailand dolomite has been performed. Pot having an inner diameter of 300 mm and a height of 600 mm was used. Raw mixture having a weight of 70 kg was granulated with adding water in a drum mixer to have moisture of 6.3 %, subsequently sintered in the pot under a suction of 14.7 kPa. After sintering, sintercake was dropped from a height of 2 m five times to demonstrate the crushing impact in plant sintering machines. Particles size over 5 mm was treated as sinter product. Table 1 shows chemical composition of fluxes and ore used in this study. Table 2 shows blending conditions of raw mixtures and chemical composition of sinter. Base mixture was demonstrated as plant condition with using natural ores from Australian and India, fluxes and coke in a conventional proportion. Limestone, quartz and serpentine were used as fluxes. In test mixtures, a half amount of serpentine was replaced by Thailand dolomite having several particle sizes. To maintain chemical composition of mixture constant, blending ratio of quartz and iron ore was adjusted. Table 3 shows particle size of dolomite comparing with other fluxes in the pot tests and plant trials mentioned after. Particle sizes of serpentine and limestone were demonstrated as plant condition in Nippon Steel.
Assimilation Test
To clarify reaction behavior of dolomite, assimilation tests were carried out. Figure 1 shows schematic diagram of test procedure. Fine mixture having several particle size and mixing conditions was mixed with pisolitic iron ore, the latter having a diameter of 2-3 mm, in the constant proportion 85 : 15 in mass ratio. Table 4 shows mixing conditions and particle size of fine mixtures. The fine mixture consisted of natural fluxes and reagent grade hematite, the latter having a purity above 99 % and a grain diameter less than 0.005 mm. The chemical composition of the fine mixture was maintained constant, i.e. Fe 2 O 3 ϭ83.0 mass%, CaOϭ9.9 mass%, SiO 2 ϭ5.5 mass%, MgOϭ1.7 mass%, by adjusting the proportion of fluxes. To focus on the influence of flux reaction rate, particle size of limestone, serpentine and dolomite was increased from less than 0.125 mm to Table 1 . Chemical compositions of fluxes and ore used in this study (mass%). To compare reaction rate of limestone with that of dolomite, particle size of limestone, equivalent amount of CaO with added dolomite, was coarsened (No. 3). The mixture was shaped into a tablet. Tablets were made by using a steel mould under a pressure of 86.8 MPa. The green tablets, having a 15 g of weight and a diameter of 8 mm, were sintered in the controlled temperature profile to simulate actual sintering under a conventional process condition. The sample was heated in air to 1 300°C in the rate of 260°C/min and held for 1 min, subsequently cooled in the rate of 67°C/min. After sintering, observation with using optical microscope, porosity measurement with using image analysis, EPMA quantitative analysis with ZAF corrections and XRD analysis were performed. Figure 2 shows pot test results. Productivity and yield were influenced by particle size of dolomite. Productivity and yield decreased in the case using dolomite having size of Ϫ7 mm and Ϫ1 mm. Those results seemed to be caused by different mechanism as mentioned after. , showing that dolomite was more reactive than serpentine in the same particle size. Summarizing those results of observations, reaction rate was higher in the order limestone, dolomite and serpentine, which was accord with that in past investigations. 9, 10, 13) Figures 6 and 7 show macro images and microstructure of each sample after assimilation tests, respectively. Results of porosity measurement were shown in Fig. 6 . Within most of the samples large non-spherical pores were observed around relict pisolitic ore particles. In contrast, spherical pores were observed in No. 4 sample. This fact implies that much melt with low viscosity were formed during sintering of the sample. Large particles of relict serpentine were observed in No. 4 
Test Results
Discussion
Reaction Route of Dolomite Assimilation
To clarify the reaction route of dolomite during sintering, EPMA analysis of microstructure near partly assimilated dolomite particle in No. 5 sample was performed. Figure 9 shows schematic explanation of dolomite assimilation and microstructural evolution during sintering together with those of serpentine as mentioned after. 6) explained that CaO dissolves into calciumferrite melt, and then MgO reacts with calciumferrite melt to form di-calciumferrite. On the other hand, Loo et al. 14) claimed that magnetite s.s formed as a result of solid-solid reaction between hematite and MgO as the first step, subsequently solid di-calciumferrite was formed by a reaction between CaO and magnetite s.s.
In this study, di-calciumferrite was not observed, mostly due to a low CaO content in matrix mixture by decreasing a proportion of limestone. Installation of dolomite into raw mixture having a high content of CaO results in CaO saturation in calciumferrite melt would readily lead to the formation of di-calciumferrite. On the other hand, if we decrease the content of CaO in raw mixture to attain constant CaO content of bulk samples like this study, the mechanism of dolomite assimilation would shift to iron oxide saturation, allowing the formation of magnetite s.s. Kasai et al. 9) suggested that the formation of magnetite s.s was associated with an initial CaO content in mixture. Reaction mechanism of dolomite proposed in this study can explain the phenomena. If dolomite particle was enough fine or CaO content surrounding dolomite was enough high, calciumferrite melt ready forms at low temperatures (Eq. (3)), promoting the formation of magnetite s.s according the reaction (4). Figure 10 shows identified mineral phases surrounding relict serpentine in No. 4 sample. A rim structure of magnetite s.s, which was denser than that in dolomite assimilation, was observed. As reported in the previous work 16) and other papers, 6, 13, 17) slag was observed between relict serpentine and the rim structure of magnetite s.s. The diffusion of MgO was restricted from the rim structure, resulted in 'hematiteϩslag' without formation of magnetite s.s. at the outer matrix structure.
Reaction Route of Serpentine Assimilation
The main mineral of natural serpentine is Chrysotile or Antigorite (3MgO · 2SiO 2 · 2H 2 O). Serpentine is dehydrated at 500-700°C to form forsterite (2MgO · SiO 2 ) and clinoenstatite (MgO · SiO 2 ), intermediate compounds of SiO 2 and MgO, during heating as follows. The formation of slag at the surface of relict serpentine can not be explained only by simple formation theory of magnetite s.s by solid-state diffusion because no melt is formed in the reaction between magnetite s.s and forsterite at 1 300°C in air. 18) Therefore the formation of magnetite s.s in assimilation of coarse serpentine is also associated with melt. After dehydration, dense magnetite s.s is formed in the similar mechanism as that in assimilation of coarse dolomite, however chemical composition of coexisting melt has high SiO 2 content due to their chemical constitution. Three possibilities concerning properties of coexisting melt must be discussed to access the reasons behind the difference of microstructure after assimilation of serpentine, i.e. diffusion rate of Mg 2ϩ in the melt, fluidity of the melt or solubility of MgO in the melt.
Thermodynamic study of CaO-SiO 2 -FeOx-MgO in slightly reducing atmosphere (P O 2 ϭ10 Ϫ3 atm) at 1 300°C 19) showed that magnetite s.s under equilibrium with silicate melt has lower values of Fe 3ϩ /Fe 2ϩ (2.2) than that with calciumferrite melt (5.9). This fact implies that magnetite s.s tends to form readily in coexisting with silicate melt. In contrast, solubility of MgO in both types of melt was comparable by 4.5 mass%. With regard to the melt fluidity, an increase of MgO content in calciumferrite melt causes an increase of viscosity. 20) Nevertheless silicate melt has much higher viscosity compared with that of calciumferrite melt containing MgO. 21) Although the data on the diffusion rate of Mg 2ϩ into silicate/calciumferrite melt are limited, low diffusion rate of Mg 2ϩ into CaO-SiO 2 -FeOx saturated with metallic iron at 1 400°C (10 Ϫ5 cm/s) was reported. 22) In contrast, high formation rate of magnetite s.s (2 cm/s) in coupling MgO and calciumferrite melt in air at 1 300°C was reported. 23) Those facts imply that Mg 2ϩ diffusion into calciumferrite melt is much higher than into silicate melt.
Summarizing discussion above, the formation of denser rim structure of magnetite s.s and restriction of diffusing of MgO found in serpentine assimilation are arisen from the difference in the nature of associating melt, i.e. high reducible conditions in equilibrium state, low fluidity and low diffusion rate of Mg 2ϩ . In addition, physical structure of serpentine may influence on the formation process of assimilated structure as nucleus particles of serpentine is denser during heating due to its low LOI value as shown in Table 1 .
Formation of Magnetite Solid Solution in Relation
to Sinter Quality In this study, two morphology of magnetite s.s were observed in assimilation of dolomite; one dense phase with rim structure near the reaction surface, the other large grains accompanied with SFCA and slag around the former found in dolomite assimilation. With regard to the formation of magnetite s.s, many forming mechanisms were proposed. Panigrahy et al. 24) proposed that the magnetite s.s was formed as a result of solid-state diffusion of Mg 2ϩ into magnetite (FeO · Fe 2 O 3 ) formed by thermal decomposition of hematite even at 1 000°C in slightly reducing atmosphere. However the formation of magnetite s.s at 1 300°C in air found in this study could not be explained by the mechanism. Under thermodynamic consideration, the formation of magnetite is impossible below the temperature of 1 395°C in air without MgO. However magnetite s.s (Mg, Fe)O · Fe 2 O 3 , whose MgO content is ranged between 7 mass% and 22 mass% depending on saturation conditions, readily form with coexistence of MgO even at 1 300°C in air. 25) This reaction was confirmed by model heating tests with using samples coupling Fe 2 O 3 with MgO or serpentine. 14, 26) Over all of this reaction may be expressed as the equation 2 as a solid-state reaction between MgO and iron oxides. Figure 11 shows chemical compositions of formed magnetite s.s in Fig. 8 and Fig. 10 by assuming stoichiometry of (Fe 1-a , Mg a )O · Fe 2 O 3 structure in FeO-Fe 2 O 3 -MgO phase diagram at 1 300°C. 25) MgO contents in magnetite s.s phases observed near reaction front of relict dolomite or relict serpentine were in correspondence with the lower limit of MgO content of magnetite s.s in air at this temperature. This result supports the formation mechanism of magnetite s.s by solid-state reaction or by reaction between high MgO and high FeOx melt. However, magnetite s.s with lower values of MgO content were measured in 'magnetite s.sϩSFCAϩslag' structure observed in sample using dolomite. Those lower values were in correspondence with MgO content of 4.7 mass% in magnetite s.s equilibrium with MgO and calciumferrite melt in slightly reducing condition at 1 300°C. 23) Therefore it is concluded that those magnetite s.s phases were formed as a result of reaction between MgO and abundant calciumferrite melt according to Eq. (4).
As shown in Fig. 2 , fine dolomite tended to decrease strength of sinter and yield. The reason for the decreases is mostly due to an promotion of reaction between MgO and calciumferrite melt as shown in Eq. (4), resulting in a decrease of melt quantity at extended area during sintering. This consideration is accord with a decrease of liquid phase in equilibrium between calciumferrite melt and iron oxide by introducing MgO to CaO-SiO 2 -FeOx system. 19) In contrast, excessive coarse dolomite lost strength of sinter and yield as shown in Fig. 2 . CaO component in dolomite is less reactive compared with that in limestone as clearly shown in Figs. 3, 6 and 7. The reason for the decrease of yield in the case using coarse dolomite is due to a decrease in CaO utilization. However, if the particle size of dolomite was controlled in the range from Ϫ5 to Ϫ3 mm, the influence on melt formation was well balanced. In those conditions, sintering performance would show comparable compared with conventional fluxing conditions, i.e. in which mean size of serpentine is 1.8 mm. It was noteworthy that morphology of magnetite s.s is different by its formation mechanism. The difference of sinter quality, in particular reducibility, in the case of using serpentine and dolomite 11) would be explained by the difference of nature of formed magnetite s.s. However further study is required to clarify the difference due to a lack of the information on reducibility of magnetite s.s.
Plant Trials
In Muroran No. 6 sintering machine, having a sintering area of 460 m 2 , plant trials for using dolomite has been conducted. Operational features of the plant are low productivity, low basicity and high Al 2 O 3 content in sinter. Dolomite with several particle sizes was used. Table 6 and Table 3 show fluxing conditions and particle size in plant tests, respectively. In each test, chemical composition was constant by adjusting dunite, Ni-slag and limestone. Although the information on direct comparison of reaction behavior among serpentine, dunite and Ni-slag is limited, 13, 27) difference of reaction behavior among them is mostly insignificant because dunite and Ni-slag consist of forsterite and clinoenstatite, product of serpentine after dehydration. Figure  12 shows changes in product yield and bonding agent rate (BAR) as a function of using ratio of dolomite with different particle sizes. It was evident that product yield was decrease with using dolomite having large mean sizes compared to them of Ni-slag and Dunite even in the small amount of use (Test C, D). In contrast, product yield changed insignificantly in the case of finer dolomite (Test A, B), it tended to decrease above 1 % use of dolomite nevertheless. Those tendencies were in accord with results of pot tests. Reason behind the increase of BAR was partly due to an increase of endothermic reaction during calcination of dolomite. Tumbler index (JIS M8712) could be maintained by increasing BAR through the test period. Changes in RDI (JIS M8720) and JIS-RI (JIS M8713) showed insignificant influence of dolomite.
Those results in plant showed that proper size of dolomite was 0.8 to 1.0 mm in mean size, however, the proper size of dolomite must depend on sintering conditions involving reaction time, heat supplying, fluxing and assimilation characteristics of iron ores. To assess accurate proper size of dolomite, further study on formation rate of calciumferrite and magnetite s.s (Eqs. (3) and (4)) and diffusion rate of CaO and MgO in calciumferrite melt are required.
Conclusions
To discuss assimilation of dolomite with sinter mixture and the influences of dolomite use on the performance and on sinter quality, pot tests and small scale assimilation tests have been conducted. In particular, a microstructural evolution during sintering with using dolomite in comparison with that with using serpentine was focused on. The following conclusions were derived.
(1) Dolomite with mean size of 1 mm showed fairly good performance in pot tests. Using excessive fine dolomite led to a high diffusion of MgO into melt, resulting in loss of strength. While excessive coarse dolomite led to a decreased in utilization of CaO, a major contribution component of sinter.
(2) Assimilation rate of dolomite was in the range between limestone and serpentine. Difference in assimilation behavior of fluxes with the particle size less than 0.125 mm caused a change in microstructure insignificantly. In contrast, fluxes with large particle size above 1 mm tended to influence on microstructural evolution during sintering.
(3) Reaction behavior of dolomite during sintering involving two formation mechanisms of magnetite solid solution was proposed. It consisted of 4 steps, calcination, formation of magnetite s.s by solid state diffusion, formation of calciumferrite melt and formation of magnetite by reaction between MgO and calciumferrite melt. The last step is mostly associated with decrease in strength or yield of sinter. Difference in the nature of the magnetite s.s formed by two different mechanisms seemed to be related to the difference of sinter quality.
(4) In comparing reactions of dolomite and serpentine, microstructural evolution process differed by properties of formed melt during assimilating, reducible conditions in equilibrium state, fluidity and diffusion rate of Mg Influence of use of dolomite with different particle sizes on product yield and bonding agent rate in plant operation.
